2020) Functionality and DNA-damage properties of blood cells in lactating cows exposed to glyphosate contaminated feed at different feed energy levels, Archives of Animal Nutrition, 74:2, 87-106, ABSTRACT Glyphosate (GL) inhibits the aromatic amino acid biosynthesis in plants and is worldwide the most used non-selective herbicide. Less is known about in vivo effects of GL contaminated feedstuffs on the health of dairy cows. The aim of this study was to examine the effects of GL residues in feed at different concentrate feed proportions (CFP) on haematology, immunological and redox parameters and on DNA-damage of blood cells in lactating dairy cows. During a 16-trial, 61 German Holstein cows (207 ± 49 d in milk; mean ± SD) were fed the same ration in week 0. Afterwards, they were assigned to either a group receiving a GL contaminated or a group receiving an uncontaminated total mixed ration (CON). Each group was subdivided into a "low concentrate" group (LC) and a "high concentrate" group (HC) with an energy content of 6.63 MJ NEL and 7.18 MJ NEL/kg dry matter, respectively. The diets were offered for ad libitum consumption. Blood samples were taken at weeks 0, 4, 8, 12 and 16. All blood samples were analysed for white and red blood cell counts. T-cell subpopulations, oxidative burst capability of leukocytes, apoptosis rate, phagocytic activity, activities of superoxide dismutase and glutathione peroxidase, the total non-enzymatic antioxidative capacity, viability and stimulation capacity of peripheral blood mononuclear cells and micronucleus-and comet assay on bovine leukocytes were measured only in week 16. The average individual GL intake of groups CON, GL LC and GL HC was 1.2 µg, 112.6 µg and 132.8 µg per kg body weight and day, respectively. GL contamination did not affect any of the tested parameters whereas CFP and time-influenced leukocytes, granulocytes, red blood cells, haemoglobin, haematocrit, mean corpuscular volume, mean corpuscular haemoglobin and CD4 + T-cells in an interactive manner characterised by a time-dependent increase in HC groups. It can be concluded that GL and GL in combination with different CFP showed no influence on any of the tested endpoints, whereas CFP and time influenced most parameters in an interactive manner.
Introduction
Worldwide the substance glyphosate (GL) (N-phosphonomethylglycine) is used in different formulations as a herbicide in agriculture (Duke and Powles 2008) . Therefore, it can be considered as a common contaminant in dairy cow rations (Steinmann et al. 2012; von Soosten et al. 2016; Schnabel et al. 2017) . The herbicide blocks the aromatic amino acid biosynthesis of plants and some bacteria through the inhibition of the essential enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) of the shikimate-pathway (Sauer et al. 1975; Boocock and Coggins 1983; Dill et al. 2008) . Given the fact that dairy cows are obviously frequently exposed to GL contaminated feedstuffs, little is known about possible adverse effects on health. The influence of GL in vivo was mostly evaluated in laboratory mammals, like in the investigations of Jasper et al. (2012) , who reported an anaemic effect of GL in mice, and those of Naz et al. (2019) , who reported an influence of GL on leukocytes and erythrocytes in rabbits. The impact of GL on antioxidative parameters in GL-treated rats was investigated by Astiz et al. (2009b) , El-Shenawy (2009) and Larsen et al. (2012) , who reported an increased antioxidative status in GL-treated rats. Genotoxic and oxidative stress-producing capacity of GL was evaluated on bovine lymphocytes in vitro (Lioi et al. 1998) whereby an increased GL-triggered ROS production was reported. These authors also found an enhanced frequency of genotoxic lesions. In addition, Gasnier et al. (2009) , Mañas et al. (2009) and Kwiatkowska et al. (2014) detected in vitro genotoxic effects of GL on human liver HepG2 and Hep2 cells and erythrocytes. The latter findings are in line with the conclusion of the International Agency for Research on Cancer (IARC) suspecting GL to act genotoxically. Besides considering GL as active compound it needs to be reflected that further constituents of the herbicide formulation, such as the GL degradation product aminomethylphosphonic acid (AMPA) and other substances might contribute to its overall toxicity (Chaufan et al. 2014) , which might be relevant under practical feeding conditions.
Owing to the discussed hints at toxic effects of GL and further herbicide formulation constituents on laboratory animals and cell cultures in vitro and furthermore the lack of knowledge concerning dairy cows, a feeding experiment was performed to address these issues in these important farm animals. In doing so, GL effects were tested in rations with either low or high energy concentration as such diet features are known to modulate the rumen milieu with possible consequences for GL metabolism and consecutive effects on the animal. First results indicated no adverse effects of the tested GL formulation on DM intake, milking performance and clinical presentation of the cows (Schnabel et al. 2017) .
The aim of the present study was to complete those data by traits to be potentially influenced by GL as discussed above, such as haematological variables, immune cell phenotypes and some of their functional features, status of the oxidative and antioxidative system and genotoxicity in lactating dairy cows.
Materials and methods
The experiment was conducted at the experimental station of the Institute of Animal Nutrition, Friedrich-Loeffler-Institut (FLI), in Braunschweig, Germany, in accordance with the German Animal Welfare Act approved by the LAVES (Lower Saxony Stater Office for Consumer Protection and Food Safety, Germany).
Experimental design
In a 16-week trial, 64 German Holstein cows (207 ± 49 d in milk; mean ± SD) were used in a 2 × 2 factorial design with GL contamination and concentrate proportion in the feed as the main factors. In one pre-feeding week, all animals were fed based on the recommendations of the German Society of Nutrition Physiology (GfE 2001) with an energetically adequate total mixed ration (TMR) consisting of 30% maize silage, 30% grass silage and 40% concentrate on dry matter (DM) basis. In the following 16 weeks, cows were assigned to four different feeding groups (Schnabel et al. 2017) . Two feeding groups received GLformulation-contaminated peas and wheat kernels processed to concentrate and GLformulation contaminated straw, in their ration (groups GL). The two control groups received rations without GL-contamination (groups CON). One CON and one GL group received a diet with low concentrate proportion (LC; groups CON LC and GL LC , respectively) composed of 21% maize silage, 42% grass silage, 7% straw and 30% concentrate on DM basis; and the remaining two groups received a diet with high concentrate proportion (HC; groups CON HC and GL HC , respectively) composed of 11% maize silage, 22% grass silage, 7% straw and 60% concentrate on DM basis. TMR and water were provided for ad libitum consumption. Cows were kept in a free stall-barn.
Feedstuff production and sample collection
Maize, grass, peas and wheat were grown on the acreage of the experimental station of the Friedrich-Loeffler-Institut (FLI). Roundup Record (007525-60/MOT), Monsanto, Agrar Deutschland GmbH (Düsseldorf, Germany) was used as water-soluble granulate, containing 720 g GL/kg as an active ingredient. Only a certain part of wheat and pea plots were treated in pre-harvest application with Roundup Record according to the Regulation (EC) No. 396/2005 of the European Parliament and of the Council of 23 February 2005 on maximum residue levels of pesticides in or on food and feed of plant and animal origin and amending Council Directive 91/414/EEC. GL treated and non-contaminated wheat and peas were harvested and stored separately. Detailed information about feedstuff production is described in Schnabel et al. (2017) .
After morning milking (07:30-09:00 h) cows were captured in self-locking feed fences and blood was taken from Vena jugularis externa using tubes containing sodium heparin or EDTA. Aliquots of EDTA-blood were prepared for erythrocyte lysate to analyse intracellular glutathione peroxidase (GPx) and superoxide dismutase (SOD). For this, EDTA tubes were centrifuged (Heraeus Varifuge, 3.0R, 2123 g, 15°C, 15 min), and plasma was stored at −80°C until analyses of ferric reducing ability of plasma (FRAP). For cell culture, peripheral blood mononuclear cells (PBMC) were isolated from heparinised blood by gradient centrifugation using Biocoll separation solution (Biochrome GmbH, Berlin, Germany) after 1:1 dilution with phosphate-buffered saline (PBS) as described in detail by Renner et al. (2011) .
Analyses

Haematological evaluation
Immediately after sampling, total and differential white and red blood cell counts were determined in EDTA-blood using an automatic analyser (Celltac-α, MEK-6450, Nihon Kohden, Japan). White blood cell profile included total leukocyte (WBC), lymphocyte, granulocyte (basophil, neutrophil) and monocyte counts; red blood cell profile included red blood cell count (RBC), haematocrit, haemoglobin and erythrocyte indices mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC).
Flow cytometric analysis
For T-cell phenotyping, EDTA whole blood samples were double-stained with monoclonal antibodies for CD4 + (mouse anti-bovine CD4 + :FITC; Bio-Rad, Hercules, CA, USA) and CD8 + (mouse anti-bovine CD8 + :PE; Bio-Rad) or their related isotype controls (mouse IgG2a negative control RPE, and mouse IgG2b: FITC negative control; Bio-Rad, Hercules, CA, USA). After 30 min of incubation, red blood cells were lysed with lysis buffer (BD Biosciences, San Jose, CA, USA) for 10 min at room temperature. Samples were measured directly after centrifugation (200 g, 5 min, 4°C) and resuspension in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-buffered saline (HBS) using flow cytometry (FACS CantoII, BD Biosciences, San Diego, USA). Lymphocyte population was identified based on their side-and forward-scattering properties. At least 10,000 lymphocytes were measured, relative counts of CD4 + and CD8 + positive cells were quantified, and the spill-over of both fluorochromes (FITC and PE) was compensated by the BD FACS Diva TM software (BD Biosciences, San Jose, CA, USA).
The capacity of polymorphonuclear neutrophils (PMN) to elicit oxidative burst and release of reactive oxygen species (ROS) was determined by an assay premised on the oxidation of the non-fluorescent dihydrorhodamine 123 (DHR) to the fluorescent metabolite rhodamine 123 (R123 + ) by ROS that can be detected and measured by flow cytometry. Data were expressed as the proportion of R123 PMN, which represents the cells that converted DHR to R123 + (via producing ROS) and as mean fluorescence intensity (MFI) which quantifies the conversion of DHR per cell. Whole blood samples were incubated at 37°C for 15 min with 40 mM DHR (Molecular Probes, Eugene, OR, USA) alone or with 20 nM PMA (phorbol-12-myristate-13-acetate; Sigma-Aldrich, Taufkirchen, Germany) stimulating an oxidative burst. After lysis of erythrocytes and fixation with lyse buffer (BD Pharm Lyse TM ; BD Biosciences, San Diego, USA) for 10 min, cells were washed with HBS and measured in duplicates by flow cytometry using the FACS Canto II (BD Biosciences, San Jose, CA, USA). At least 10,000 granulocytes were examined whereas the population of PMN was defined by its size and granularity using forward and side scatter measurements.
The Phagotest TM kit (Glycotope Biotechnology GmbH, Heidelberg, Germany) was used to investigate the phagocytic activity and capacity of PBMC and PMN. It contains fluorescein (FITC)-labelled opsonised E. coli bacteria and measures the proportion of cells [%] ingesting bacteria as well as the individual cellular phagocytic activity (by MFI). The probes were measured according to the manufacturers' protocol. Briefly, samples of heparinised whole blood incubated with FITC-opsonised E. coli were stained after quenching and washing with propidium iodide (PI). Probes were measured within 60 min using flow cytometry by FACS Canto II (BD Biosciences, San Jose, CA, USA).
The FITC Annexin V-Apoptosis Detection Kit II (BD Pharmingen TM , BD Biosciences, San Diego, CA, USA) was performed according to the manufacturer protocol to detect and quantify apoptotic white blood cells in bovine blood samples. The protocol included the incubation of the samples with the DNA stain PI to qualify different apoptotic stages and necrotic cells. To all samples, a non-stained control was provided as negative control and each sample was analysed in duplicate by flow cytometry using the FACS Canto II (BD Biosciences, San Jose, CA, USA). PMN and PBMC were selected according to their size and granularity based on forward and side scatters measurements. At least 10,000 cells were evaluated with FACS Diva software 6.1.3. (BD Biosciences, San Jose, CA, USA). Results were given as percentages of double-stained cells (Annexin + /PI + ) representing late apoptotic cells, single-stained cells (Annexin + /PI − or Annexin − /PI + cells) characterising early apoptotic or necrotic cells, respectively, or the unstained portion of total PMN and PBMC.
Ex vivo proliferation assay
Alamar Blue (AB) assay was used to evaluate cell viability and concanavalin A (Con A)stimulated proliferation of PBMC. AB-assay is based on the reduction of the nonfluorescent resazurin to the fluorescent molecule resorufin by metabolically active cells. Measurements were conducted according to the description of Drong et al. (2017) . After a 2.6-h incubation period, the resorufin fluorescence (Tecan infinite M 200, Grödig, Austria) was measured at 540 nm (excitation) and 590 nm (emission).
DNA-damage indicators
The single-cell gel electrophoresis assay (comet assay) was used to detect DNA damage in single bovine leukocytes as described in Singh et al. (1988) with some modifications. EDTA whole blood was mixed with 0.5% low melting point Agarose (NuSieve Ag, Lonza, Basel, Switzerland) and layered on glass slides on top of a 1.5% medium electroendoosmosis (MEEO) Agarose base layer (Karl Roth, Karlsruhe, Germany). After 5 min on ice, slides were immersed in lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 1% Triton X-100 (Karl Roth, Karlsruhe, Germany), 10% DMSO (Sigma-Aldrich, Taufkirchen, Germany), pH 10.0) for 1 h at 4°C. Afterwards, slides were incubated in pH > 13 electrophoresis buffer (300 mM NaOH (Merck, Darmstadt, Germany) and 1 mM EDTA) for 1 h at 4°C; then, placed in electrophoresis chamber, filled with electrophoresis buffer and electrophoresis was carried out at 16 V and 2 A for 30 min on an ice bath. Slides were then neutralised with neutralisation buffer (0.4 M Tris-HCl, pH 7.5), drained with ethanol for 30 min and stained with Roti-Mount FluorCare DAPI (Karl Roth, Karlsruhe, Germany). All slides were immediately documented using fluorescence microscope (Leica DMI 6000b, Leica Microsystems CMS GmbH, Wetzlar, Germany). Images of 100 randomly selected nuclei per slide (in triplicates) were captured and saved to evaluate DNA damage using the computer program CASPlab (Krzysztof Koǹca, University of Wroclaw, Institute of Theoretical Physics, Poland). The level of DNA damages was quantified by tail DNA [%], which is a measurement of the pixel intensity expressed as a percentage indicating the ratio of DNA present in the tail to the total DNA content and also by Olive tail moment, which is defined as the product of the tail length and the percentage of DNA in the tail (Olive et al. 1990 ).
To detect chromosome-related DNA defects, bovine peripheral blood leukocytes were tested with micronucleus-(MN) assay. For this, fresh isolated PBMC (300,000 cells/24well) were cultured (37°C, 5% CO 2 ) within 24-well culture plates with or without phytohaemagglutinin (PHA, 4 µg/ml) in Roswell Park Memorial Institute (RPMI) medium. After 44 h of incubation, cytochalasin B (CytB, 6 µg/ml) was added for further culture time of 25 h. Then, the supernatant was removed after centrifugation and cells were treated with a hypotonic solution (0.56% KCl) and fixed with fixative solutions containing methanol (1. methanol:glacial acetic acid (5:1) mixed with an equal amount of 0.9% NaCl, 2. methanol:glacial acetic acid (5:1)). Afterwards, bovine peripheral blood leukocytes were spread on slides, air-dried and stained with Roti-Mount FluorCare DAPI (Karl Roth, Karlsruhe, Germany). Cells were evaluated by fluorescence microscope (Leica DMI 6000b, Leica Microsystems CMS GmbH, Wetzlar, Germany, excitation filter: BP 450-490 nm, blocking filter: LP 520 nm). Per blood sample, three slides were conducted and up to 100 binucleated cells were counted per slide.
Antioxidative status
To assess the cows' antioxidative capacity, blood plasma samples were analysed with the ferric reducing ability of plasma (FRAP)-assay, according to (Benzie and Strain 1996) . This assay is premised on the reduction of Fe 3+ -tripydyltriazine (TPTZ) complex by the antioxidants within a plasma sample under acidic conditions. Absorbance of the coloured end product (Fe2 + -TPTZ) was measured after 15 min of incubation at 593 nm on a photometer (Tecan infinite M 200, Grödig, Austria). Results are presented as Fe 2+ in µmol/l. Superoxide dismutase (SOD) and glutathione peroxidase (GPx) activity was measured in erythrocyte lysate, with Ransod superoxide dismutase-and Ransel glutathione peroxidase assay (Randox Laboratories, Crumlin, UK) in duplicates. The assay was conducted according to the manufacturer's protocol and adjusted in accordance with Bühler et al. (2017) .
Calculations
The in vitro proliferation of PBMC was expressed as stimulation index (SI), which was defined as the ratio between the fluorescence of Con A-stimulated and non-stimulated cells.
The ratio between CD4 + and CD8 + cells was calculated by dividing the percentage of CD4 + and CD8 + cells.
The Olive tail moment was evaluated in order to Olive et al. (1990) :
Statistical analyses
All statistical analyses were performed using the Software SAS (Version 9.2; SAS Institute Inc., Cary, North Carolina, USA). Parameters were analysed using the MIXED procedure for repeated measures (Littell et al. 1998) . In case the variable showed significant differences between the groups in week 0, week 0 of that variable was set as a covariable. For each variable, the covariance structures compound symmetry (CS), autoregressive (1) AR(1) and unstructured (UN) were tested. The model which proved the best Akaike information criterion for a finite sample size (AICC) was chosen. The model thus contained glyphosate contamination (GL), concentrate feed proportion (CFP), and time (t) measured in trial weeks, as well as the interactions between GL and CFP, GL and t, CFP and t and GL, CFP and t as fixed effects. Effects were declared as a trend if p-values were ≥0.05 and ≤0.10, and as significant if p-values were ≤0.05. Results are presented as least square (LS) means ± standard error of LS means unless otherwise stated. Pearson correlation coefficients were calculated using Statistica Academic (Version 13, Statsoft Europe GmbH).
Results
The average daily GL intake in groups CON LC , CON HC , GL LC and GL HC amounted to 1.2 ± 1.90 µg, 1.1 ± 1.90 µg, 112.6 ± 2.03 µg and 132.8 ± 1.97 µg per kg body weight (BW), respectively. Further information is provided in Schnabel et al. (2017) .
Haematological results
Results from haematological analyses are depicted in Figures 1 and 2 . Leukocytes decreased during the trial in groups LC (CFP × t; p = 0.001) ( Figure 1 ); granulocytes showed also the same interaction (CFP × t; p = 0.004). In week 16, groups LC had 30% lower values than groups HC and lymphocytes presented a similarly directed trend (CFP × t; p = 0.069). Only eosinophils showed fluctuating values of GL over time (GL × t; p = 0.047). Despite these differences, there was no effect of GL alone on leukocytes and no interaction with high or low CFP could be detected.
In the course of the trial, erythrocytes decreased in LC groups while an increase was noticed in HC groups (CFP × t; p = 0.006) ( Figure 2 ). In addition, haemoglobin, haematocrit, MCV and MCH as well the values of red blood cell distribution width showed similarly directed time-dependent changes (CFP × t; p < 0.001 and CFP × t; p = 0.015, respectively). The MCHC (CON LC 30.20 g/dl, CON HC 30.54 g/dl, GL LC 30.49 g/dl, GL HC 30.46 g/dl; standard error of the mean = 0.12) was influenced by time (p = 0.010). No effect of GL was found.
Flow cytometric results
CFP and time influenced the proportion of lymphocyte subpopulation (Table 1 ). The proportions of CD4 + cells were higher in both LC groups during the trial compared to HC groups whereby differences between these groups became obvious in the progression of the experiment (CFP × t; p = 0.001). A negative correlation between CD4 + proportions and energy balance (−0.3110 p = 0.048) was found. CD8 + cells, as well as the ration of CD4 + and CD8 + cells, were neither influenced by CFP nor by GL. An influence of GL treatment alone on these T-cell phenotypes was not detected.
In all feeding groups, the proportion of unstimulated PMN that produce free radicals dropped in trial week 8 and increased again thereafter (t, p = 0.021, Table 2 ). The MFI of these cells describing the mean ROS production per cell increased until trial week 8 and decreased subsequently until trial week 16 (t, p < 0.001). The proportion of PMA stimulated R123 + cells was influenced by CFP and time in an interactive manner (CFP × t, p = 0.031). The MFI of stimulated R123 + cells increased within the first 4 weeks but decreased afterwards continually until week 16 (CFP × t, p = 0.001).
In week 16, the phagocytic activity of granulocytes was evaluated additionally. The average proportion of phagocytosing PMN was approximately 71%, whereas 29% of PBMC showed phagocytosis; both were not affected by GL or CFP (Table 3) . Also, the capacity of phagocytic cells, expressed as MFI per cell, was similar for PBMC from all treatment groups. The phagocytosing capacity of PMN was slightly higher in HC groups compared to LC groups (CFP, p = 0.056).
Apoptosis of PMN and PBMC was evaluated in week 16 of the trial. The proportions of late apoptotic PMN were slightly higher in GL groups (GL; p = 0.084), whereas such an effect was not observed in early apoptotic PMN. Neither early nor late apoptotic proportions of PBMC were influenced by treatments (Table 3) .
Viability and proliferation of PBMC were determined in week 16 using the AB assay. Stimulation indices in groups CON LC , CON HC , GL LC and GL HC amounted to 3.57, 3.66, 4.16 and 3.57, respectively (standard error 0.25). These indices were not influenced by any of the treatments.
In the last week of the trial, the non-enzymatic antioxidative capacity of plasma was determined using the FRAP assay. FRAP was slightly lower in HC groups (CFP; p = 0.061) while GL was without influence (Table 4 ). The activity of SOD in erythrocytes was not influenced by treatments. The GPx activity displayed higher values in LC groups than in HC groups (CFP; p = 0.024), while GL did not influence GPx activity (Table 4) . Values are presented as least square means + standard error of the mean (SEM); n = 16 for CON groups, n = 14 for group GL LC , n = 15 for group GL HC ; CON, non-contaminated ration; GL, glyphosate-contaminated ration; LC, low concentrate feed proportion (30% concentrate in TMR); HC, high concentrate feed proportion (60% concentrate in TMR); t, time effect of trial week.
DNA-damage indicators
Leukocytes were tested for genotoxic and chromosomal effects in trial week 16 using a comet and the micronucleus-(MN) assay ( Table 5 ). The results of both assays indicated no significant treatment effects ( Values are presented as least square means + standard error of the mean (SEM); n = 16 for CON groups, n = 14 for group GL LC , n = 15 for group GL HC ; CON, non-contaminated ration; GL, glyphosate-contaminated ration; LC, low concentrate feed proportion (30% concentrate in TMR); HC, high concentrate feed proportion (60% concentrate in TMR); t, time effect of trial week. 
Discussion
It was hypothesised that residues of the used herbicide formulation with GL as main active compound in the feed of dairy cows would affect health and performance differently when combined with variable concentrate feed proportions respective fibre contents. However, the first part of the results showed no adverse effects of GL contaminated feed on health and performance of the cows, although the GL exposure in GL groups was approximately 30 fold higher compared to the average background exposure of Holstein cows kept at the experimental station in Braunschweig (von Soosten et al. 2016 ). On the other hand, the energy content of the diets markedly influenced energy intake, milk yield, milk composition and other parameters (Schnabel et al. 2017) . Although a transfer of GL residues to the milk of cows could not be detected (Schnabel et al. 2017) , the presence of these residues in the systemic circulation can be deduced from their presence in urine (von Soosten et al. 2016) . This assumption is supported by findings in rats demonstrating the presence of GL in plasma after oral administration and a systemic bioavailability of 23% (Anadon et al. 2009 ). Therefore, blood cells could ultimately be a target for possible haematotoxic effects of GL residues with consecutive consequences for the oxidative/antioxidative status. Effects on ruminal GL metabolism and absorption might be possible considering the marked differences in the ruminal fermentative pattern and the associated alterations in the microbial community and/or activity due to different dietary energy contents (LC vs. HC) (Schären et al. 2016; Drong et al. 2017 ).
Blood cell population
The results show that GL residues in feed administered under legal regulations did not affect neither the composition of leukocyte population including T-cell phenotypes nor the characteristics of erythrocytes in dairy cows independent of CFP, whereas the different CFP did induce marked effects. In contrast to the present findings, the literature suggests that GL has the ability to influence leukocytes in animals. Daily oral feeding of 50, 100 and 150 mg GL/kg BW to rabbits for 15, 30 and 45 d resulted in dose-related increases in leukocyte counts, whereas erythrocytes, haemoglobin, HCT, MCV, MCH and MCHC decreased at the same time (Naz et al. 2019 ). These observations are in line with those of Deshmukh et al. (2013) who observed increasing leukocyte numbers through an exposition of rats to an oral dose of 4000 mg GL/kg BW dissolved in water over 7 d; even during this short time, numbers of RBC and haemoglobin increased contrary to the results in rabbits mentioned before. No differences of leukocytes, but decreased haematocrit values were found by Jasper et al. (2012) who administered up to 500 mg GL/kg BW through 15 d in mice.
In the present study, the average haematological parameters of all treatment groups were within the physiological range (Kraft and Dürr 2005) and remained uninfluenced by GL. The lack of GL effect might be due to marked differences in dosages, which were significantly lower in the present experiment. The daily GL doses for dairy cows of the present trial was 122.7 µg GL/kg BW and consequently more than 30,000 times lower than the highest tested doses in other investigations (oral administration of 4000 mg/kg according to Deshmukh et al. 2013) .
Besides a missing effect of GL on total leukocytes in general and lymphocytes in particular, there was also no influence on CD4 + and CD8 + T-cells representing T-helper and cytotoxic T-cells, respectively. The CD4 + /CD8 + ratio ranged from 1.9 to 2.4, which represents an immunological homoeostasis between T-helper and cytotoxic T-cells in dairy cows (Harp et al. 1991) . In general, pesticides show effects on the immune system, which was evaluated in a field study of Thai Orchid Farmers (Aroonvilairat et al. 2015) . However, a specific effect on CD4 + or CD8 + was not detected here.
In contrast to GL, the energy content of the diets exerted marked effects on several parameters of the red and white blood count. The main reason for these differences between LC and HC groups might be the significantly higher dry matter intake (DMI) and milk yield of HC groups observed nearly over the whole experimental period (Schnabel et al. 2017) . A higher DMI is ultimately associated with a higher intake of energy and nutrients and consequently to a higher nutrient flow to the liver as the central metabolic and the secondary immunological organ. Thus, both the higher DMI and the higher milk yield suggest a generally higher metabolic level of HC cows. Whether the lower leukocyte counts and red blood count indicators detected in LC groups relative to the HC groups are a reflection of these differences in energy and nutrient supply cannot be answered conclusively.
Interestingly, the CFP also influenced the T-lymphocyte subpopulations showing significantly higher proportions of CD4 + T-cells in LC groups compared to HC groups. Also, Banos et al. (2013) detected a correlation between the higher amount of feed or dry matter intake and reduced CD4 + percentages within the PBMC population. Ohtsuka et al. (2006) observed the opposite effect in transition cows; whereby groups with more energy supply showed higher CD4 + T-cell shares than low energy groups. Although the proportion of CD4 + T-cells was increased at lower energy supply the corresponding CD4 + /CD8 + ratio changed only slightly suggesting that the T-cell homoeostasis was not markedly altered.
Redox state
High-performance dairy cattle face several diseases in early-and mid-lactation and with increasing percentage of concentrate in their ration. Both might lead to an increased generation of ROS and a pro-oxidative state not balanced by the antioxidative defence system, ultimately resulting in oxidative stress characterised by a failure of the immune system to control the accumulation of ROS in cows (Sordillo and Aitken 2009 ). Conditions of subacute ruminal acidosis as a result of feeding energy-dense diets lead to high levels of oxidative stress (Abaker et al. 2017 ). In addition, xenobiotics like GL are also known to trigger oxidative stress and could exacerbate the dietary energy-driven pro-oxidative state. Woźniak et al. (2018) detected increasing ROS formation in human PBMC exposed to a GL-formulation product (Roundup 360 PLUS) and pure GL. The herbicide formulation at a concentration of 1 µM caused stronger free radical formation than the pure GL at a concentration of 250 µM. The results are in accordance with those of Chaufan et al. (2014) who detected in vitro increasing ROS formation in Roundup treated HepG2 cells (40 mg Roundup per l for 24 h), and Kwiatkowska et al. (2014) who detected in vitro stimulated ROS production in human erythrocytes at 0.25 mM GL. In the present trial, no significant influence of GL and GL in combination with CFP was detected; only group GL HC showed a trend to produce less ROS in week 8 of the trial. In the present trial, the GL level in the blood of dairy cows was lower than the analytical limit of detection (LOD) of 0.59 µM (Labor für Rückstandsanalytik Bremen GmbH, Bremen, Germany). For comparative purposes, this LOD might be considered as a virtual worst-case concentration in vivo. In doing so, the in vitro-dosages of Chaufan et al. (2014) , Kwiatkowska et al. (2014) and Woźniak et al. (2018) were two to more than 400 times higher than the mentioned virtual GL levels in blood of the cows of the present experiment which might explain the lack of effects.
An effect of CFP on ROS formation by PMN could only be observed in stimulated cells. While after stimulation in week 8 the slight drop in the proportions of PMN mounting an oxidative burst was more pronounced in HC groups compared to LC groups, the capacity of individual PMN decreased in the course of the experiment more pronouncedly in LC groups. These results might suggest that PMN of cows fed the HC diets were more challenged due to the increased metabolic state as discussed above and/or better supplied by energy and nutrients. Besides the generation of ROS, the treatment effects on the antioxidative system determine the presence and the degree of oxidative stress. Chaufan et al. (2014) detected that a GL-formulation (concentration of 41.22 mg GL/l) stimulated SOD in HepG2 cells, while the other tested activities (catalase, glutathione) remained unaltered. In contrast, GL alone was without any effect (Chaufan et al. 2014) . Male Wistar rats treated intraperitoneal with 10 mg GL/kg BW (Astiz et al. 2009b) showed a significantly lower SOD activity in liver samples, while no effects were observed in plasma SOD activity and GPx activity in liver, testis or plasma. Opposite to Astiz et al. (2009b) , the study of Beuret et al. (2005) detected no effect of SOD and GPx activity in liver samples of GL fed pregnant female Wistar rats, fed with a solution of 1% GL in water, while increasing hepatic GPx activities were detected in their foetuses. Astiz et al. (2009a) measured the FRAP to receive a global picture of the relative non-enzymatic antioxidative activity. Results showed significantly lower values in plasma of rats treated with 10 mg GL/kg BW. An increased FRAP was observed in human lymphocytes in vitro only at the highest tested concentration of 580 µg/ml (Mladinic et al. 2009 ). In the present experiment, neither SOD nor GPx activity of erythrocytes were influenced by GL exposure. Also, FRAP remained uninfluenced by GL.
With regard to the effects of CFP, both GPx activity and FRAP were lower in HC groups compared to LC groups in week 16 of experiment suggesting either an adaptively lower need for removing ROS and other radicals or adverse effects of the higher energy and nutrient supply on these antioxidative indices. Also, Abaker et al. (2017) detected decreased GPx activity in high-grain fed dairy cows, whereas SOD activity increased at the same time. Together with the present results, these effects may be classified as adaptive responses to varying needs.
Blood cell function
Oxidative stress and xenobiotics might also trigger apoptotic cell death of leukocytes. An enhanced apoptosis of GL-treated Hep2 cells (Benachour and Séralini 2008) , of human embryonic kidney and placental cells (Chaufan et al. 2014 ) and of mature murine testicular cells (Clair et al. 2012 ) evaluated by DAPI staining and caspase 3/7 activation was detected in vitro. All studies showed that GL-formulations were more effective in apoptosis induction than GL alone, although GL alone also caused apoptosis. An association with an increased ROS formation at high GL dosages, as discussed above, might be possible. With regard to the present results, there was neither a GL-effect on ROS formation by PMN nor on their apoptosis at week 16 of the trial. Phagocytic cells are involved in the removal of apoptotic bodies. In line with the absence of GL-effects on apoptosis of PMN and PBMC the phagocytic activity of these leukocytes also remained unaltered. This is in contrast to findings of decreased oxidative metabolic activity of phagocytes in common carp juveniles (Cyprinus carpio L.) which were kept over 7 d in water with 0.1 mg and 0.5 mg GL/l (Kondera et al. 2018) .
Possible cytotoxic effects of GL were tested using the AB assay evaluating the cell viability and proliferation capability. In agreement with the other findings, GL did not affect these traits. Opposite to the present results, Gasnier et al. (2009) showed for human HepG2 cell lines in vitro a rapid decrease in cell viability after 24 h; the most pronounced effects were observed at extremely high doses of 400 to 450 g GL/l.
Genotoxic effects on blood cells
The genotoxic potential of GL is still in public discussion worldwide. The comet assay is often used to screen the genotoxic potential of GL. In combination with the AB assay, Gasnier et al. (2009) evaluated the DNA damaging effect of GL and found more than 50% of DNA strand breaks after 24 h at 5 to 10 ppm Roundup 400, corresponding in average to 12 to 24 µM GL dissolved in specific adjuvants. These findings were confirmed by results of the AB assay, which measured that 10% of GL product, and already 0.05% of Roundup 400 caused initial toxicity in human HepG2 cell lines. Mañas et al. (2009) performed the comet assay with human Hep2 cells; results showed a dose-dependent increase of DNA damage from 3 to 7.5 mM. DNA strand breaks were also detected by the comet assay performed on erythrocytes of broad-snouted caiman after in ovo exposure to 500 µg GL-formulation (Roundup)/egg (Poletta et al. 2009 ). Human PBMC cells were evaluated with comet assay; Roundup 360 Plus caused damage at concentrations of 5, 250 and 500 µM, whereas GL and AMPA alone were shown to be effective at 250 µM and 500 µM, respectively (Woźniak et al. 2018 ).
The comet assay performed with bovine leukocytes after an exposure to GL residue contaminated feedstuffs for 16 weeks did not reveal genotoxic effects. It needs to be stressed that in the present trial the GL exposure in blood was 20 to 12,711 times lower compared to the discussed studies showing genotoxic effects. In addition, the micronucleus assay did not suggest any adverse effects of the GL treatment in the present experiment. Mañas et al. (2009) evaluated micronuclei in erythrocytes from bone marrow smears of mice, which had received GL in vivo 24 h earlier via the intraperitoneal route. Only the dose of 400 mg GL/kg BW showed significantly more micronuclei compared to the control group. The same effect was detected in bone marrow cells of mice, which were treated in vivo intraperitoneally with 300 mg or 450 mg Roundup/kg BW in total and received half of the dosage on the first day and the second dosage 24 h later (Bolognesi et al. 1997) . After in ovo exposure to GL Roundup, MN assay showed moderate dose-dependent effects on broad-snouted caiman erythrocytes; first effects were shown at 400 µg Roundup/egg, which corresponds to 0.33 mg GL/egg (considering that the used Roundup formulation contains 66.2% of GL). Again, the exposure of cows of the present experiment was obviously too low to induce an increased formation of micronuclei.
It is striking that the results of the present trial are different from other published experiments. Genotoxic assays were frequently conducted in vitro, whereby only one specific cell type was tested. In detail, often Hep2 cell lines were used, which are designated as a "non-existent" cell line (Gorphe 2019) . In vivo experiments are less described, and if so, in small mammalian models such as rats or mice, which were often treated intraperitoneally or via drinking water for less than 48 h instead with oral treatment via feed.
Conclusions
It was shown that a mean daily GL exposure of 122.7 µg GL/kg BW for 16 weeks, which corresponds to a practical worst-case scenario, did not induce adverse effects on functional blood cell parameters, redox state and genotoxic parameters irrespective of CFP. Moreover, different CFP were shown to alter several of the tested endpoints independent of GL exposure. The absence of adverse GL effects in dairy cows might be mainly due to the much lower GL exposure compared to the artificially high dosages tested in laboratory animals. Based on the present results adverse effects on dairy cows can be excluded with respect to the parameters considered in this study and for the conditions applied in the present experiment.
